
I .  

0 4 / 0 4 / 0 0  TZTE 0 8 : 4 6  FAX 818   354   8895  J e t  Propulsion Lab 

Solar Energetic 3He Mean Free Paths: Comparison Between 
Wave-Particle and Particle Anisotropy Results 

B. T. Tsurutani", L. D. Zhang", G. Masonb, G. S. Lakhinac, 
T. Hadad, J. K. Arballoa, and R. D. Zwickle 

'Jet Plppulsiorl Luborarory, CaliJornia hstiture of Technology, Pawdmn.  Califomin 
'Deparrment of Physics, University Qf Maryland. College Park. Mntyland 

"hdian fnstithta of Gcornageelism, Colnba,  Mumbai/Bombay, In& 
'ESS7; Kyushu University,  Kosuga,  Japan 

'Space Environment h b o r a r o p ,  NOM, Boulder; Colnmdo 

Abstract. Enegetic 'He particlc mean free paths ye calculated using in-situ wave amplitudes. The wave polarization 
(outward propagating. arc-polarized, spherical) and wave k directions (ouward hcmispherical) included in a first- 
order eyclotma resonant calculauon. Values for hw-p are - 0.2 AU. This is roughly N 5 times smaller than the pamele 
mean fret path as determined from modeling applicd to meltsumd front-to-back 'He partick anisotropies. It is suggested 
that this difference is due to rnlrch slower pitch angle diffusion through 90". 

LNTRODUCTION 

In thc past, particle transport from the solar corona 
to I AU has been studied by inferring the amount of 
pitch angle scattering that has taken place from an anal- 
ysis of the particle distribhtions chemsrlves. or by taking 
a characteristic interplanetary wave spectrum and theo- 
retically calculating the amount of scattering that should 
have taken place assuming that the spectrum is reprcsen- 
tativc (1.2.3).  For n derailed discussion of the rwo mcth- 
ods, see (4) and (5)- Calculation of the energetic parti- 
cle scattering mean free paths using the magnetic field 
data and a qunsi-linear theory of the field fluctuations 
has led to a long-standing discrepancy wherein this cal- 
culated mean free path is generally much smaller than 
the mean free paths derived from particle measurements. 
Some recent theoretied  studies (6, 7) have obtained im- 
proved results (Le., larger calculated particle scattering 
mean free paths) by using more complex models for the 
waves. Wanner et nl. (8) present4 evidence showing that 
the "slab" turbulence approximation was fundamentally 
flawed. and chis was followad by Bieber et al. (9). who 
showed that two-dimensional (2D) turbulence was play- 
ing a major role. Bic'ber et al. (9) applied a 2D model to - 10 MeV proton observations from Helios. md found 
good a p m e n t  betwcm the mean free paths calculated 
from the turbulence and from rhe energetic particle obser- 
vations. 

It is known that the  amount of wave power present in 
the intcrplanetary medium can vary by orders of mag- 

nitude (10). It is the purpose of this paper to examine 
thc simultaneous 1 AU LF wave properties [at Ertquen- 
cies near thc particle cyclotron resonmce) during 3He 
rich events taken from ( I  1). These solar energetic parti- 
cles have energies near 1 MeV/mcleon. much lower I.han 
thc - LO - 20 MeV  energits considered in recent studies 
(5, 9). These resula will bc compared to the mean free 
paths for the same events as determined from modeling 
applied to the measured I AU particle anisotropies. 

RESULTS 

"He-Rich Events 

Figure 1 shows the May 17, 1979 energetic ion ewnt. 
Three He energy channels are given in the top panel. Ve- 
locity dispersion is clearly present, with the highest cn- 
ergy particles arriving  first, as expected for propagalion 
from a remote: source. The magnetic field is given in the 
next four panels. Thc held, is relatively quiet during the 
particle onset. The fluctuations in the three components 
are small, and the field magnitude is - 3 - 5 nT. Ancram- 
ination of the solar wind veIocity (bottom panel) indicates 
that this particle event occurred in the far trailing part of 
a high  velocity stream. This general region is noted for a 
lack of Iwge amplitude Alfvtn waves (12). 

To quantify the characteristics of the inrerplanetwy 
fluctuations present during this particle event. we have 
made power spectra of the magnetic field components and 
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thc magnitude. We have used I field-aligned  coordinate 
system to determine the power due to transverse  fluctun- 
tians and the p w e r  due to compressional  variations.  The 
transverse wave powcr IS  responsible for resonant pitch 
ar~ple scattering and is [he important  quantity for tho cal- 
culations prcscnrcd in  this paper. 

The  transverse  power  spectra for the nine ( I  I) parti- 
cle events have becn calculated and compared  with powcr 
spectra for "quiet", "intermediate" and "active" periods 
[from ( 13)). It is found that the  interplanetmy  medium is 
typically "quiet" during the "He-rich events. 

A proper  description of interplanetary  Alfvdn waves 
is that they are phase-steepened, arc-polarized spherical 
waves (IO). For purposes o f  t he  calculations here, we can 
assume that they  can be approximated as linearly polar- 
ized waves with equal power present in right- and left- 
hand rotations. 

The k direction of rotational discontinuities. the phase- 
steepened  edges of inrcrplanetary Alfvtn waves has been 
shown to be isowopic (14. Fig. 15). Since  Alfven waves 
are outwardly  propagating (14, Fig. 6). the  wave k distri- 
bution is an outward  hemisphere. 

Scattering Mean Free Paths Determined by 
Particle Measurements 

The scattering mean free paths for the nine  3He  events 
were  obtained by comparing  the event timdintensity pro- 
files and  anisotropies with the predictions of I Boltz- 
rnann equation model of interplanetary scattering which 
includes the effects of particle pitch-mglc scattering and 
adiabatic  defocusing as the particles move through mag- 
netic fields of varyidg  strength (15. 16, 17). Mason et al. 
(3) published numerical. solutions of this equation based 
on the  technique of 18) for observations from the ISEE- 
3 ULEWAT instrument  for  nominal values of solar wind 
speed. We use these solutions here co estimate  the scat- 
tering mean free paths. The results are given in Table 1 .  

Resonant Wave-Particle Interaction 
Calculation of Mean Free Paths Using XMF 

Power Spectra 

The panicle pitch angle  diffusion  coefficient (Le.. 
pitch angle  scattering  rate) has been derived in (19) and 
(20).  The condition of first o r d a  cyclotron resonance be- 
tween the waves  and the  anti-sunward  directed  particles 
can be written as: 

f h v  d Your 1479 

FIGURE 1. Particle flux, magnetic field and solar wind velocity 
for 16-17 May. 1979. 

In the above, w and k are the wave frequency and wave 
vector, S2 is thc particle cyclotron frequency ia the atnbi- 
enr magnetic field. The particle velocity V has a parallel 
component = pV6. where pis the cosine of the particle 
pitch angle. 

Far Alfvdn waves propagating in the solar wind 
plasma f rme ,  the phase velocity is VI. Tubing che an- 
gle between k and Bo to be 0 and the angle bctwevn k 
and V w  to bc v, Equation 1 now becomes; 

If the particles of  interest arc Hes4 and of 0.4 
MeV/nucleon energy, VO = 8.8 x l@ c d s  is much larger 
than the solar wind speed. Vw. The ions are rcsonanr 
with right-hand polarized waves, therefore in the final es- 
timate of mean free paths, the effective wave transvuse 
power should be ( 9  + 9) /2 .  where 1 and 2 indicate two 
transverse  directions to the ambient field. 

Following equation (3.9) of (191, the pitch angle scat- 
tering  rate for a given resonant velocity due to inrelac- 
tions with waves  in a wave-number band of width Ak 
about resonance is: 
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Table 1. Mean Free Paths for I M~Vlnucleon~He-rich "Scatter-kc" Evcnls 
-. - ~~ - 

Event ( D a w  

23 Oct 1978 
26 Dec 1978 
17 M :ry 1979 
I4 Dec 1979 
17 Inn 1980 
0 VOV 1980 
14 NOW 1980 
3 1 lul I98 I 
12 Feb 1982 

Bo (nT) 

6.30 
8.1 1 
4.63 
9.93 
6.25 
I 1.47 
7.4 I 
9.66 
15.56 

.~ 

RlHL+, 

0.402 
0.5 I7 
0.293 
0.634 
0.399 
0.731 
0,473 
0.6 16 
0.993 

-~ 

Scattering Rate (s") 

9.36 x IOdJ 
5.25 x 10-3 
5.50 % Io-* 
9.84 x LO"' 
5.50 x 1 O-' 
d . w  X 10-4 

I ,76 x 10-3 
3.14 x IOBd 
6.66 x 

A w - p  MU) 

0. IO  
0.18 
0.17 
Q.09 
0.17 
0. I9 
0.05 
0.30 
0. ld 

X//r. (AU) 

I .o 
I .o 
0.5 
2.0 
0.5 
0.3 
0.5 
O S  
O S  

where B' is the wave amplitude in resonance with the par- 
ticle. Assuming the wave power spectra to have a power 
spectral index of a, that is. P,, = A G F  and ,No cos 8 2 
V w  , the effect of averaging over the Biangle?is: 

Averaging over the cosine of the puticle pitch angle 
gives: 

The rime For scattering one radian in pitch angle T is 
h I/D. and the panicle mtm free path is; hw-p  = 7V,qc, 
where hw-p stands for wave-partick interaction esrimare 
of the mean free path. 

In this paper, we have considerad only the first order 
cyclotron rcsonnnce t e r m  (n = -1). Use of higher ordcr 
cyclouon resonhcc t e r m  is more theoretically complete, 
but should only change the results slightly. 

The results of the calculations are shown in Table 1. 
Aw-p  ranges bctween 0.05 and 0.30 AU while AH, ranges 
between 0.3 and 2.0 AU. 

DISCUSSION 

Although rhe wave polarization, wavc normal disui- 
butions, and in-situ transverse power spectra were in- 
cluded in this study. there are still subsranrial differences 
between the calculated A w - p  and values. Previ- 
ous works (21) have noted even greater discrepancies he- 
tween the two values. 

/ h -  ".J I &&- c+& -mu 

Jk% 6; 1 .  I 9 1 . 1  
We note that ( D ) O , ~ ,  the  average diffusion rate, i i  the 

typical quantity calculated. Thc value I/(D)e,,, and the 
particle velocity are used to derive hw-p. However, Ane 
is the mean free path derived from particle pitch tmgle 
scattering m o s s  90" pitch (where D = A / T  = 0). The 
time T to diffuse across 90* pitch from quasilinew theory 
is infinite. Could this be the primary difference between 
the Aw-p and values? 

To examine this funhcr;we  perform a test panicle sim- 
ulation, in which ion orbits arc integrated in time under 
the influence of static magnetic held turbulence, which 
is given as a superposition of parallel, circularly polar- 
ized Alfvin waves with equal propagation vclocitics (slab 
model). In this model, the ion energy in the wave rest 
frame is constant. thus there is no energy  diffusion of 
ions. Both right- and left-hand polarized wavcs arc in- 
cluded.  Although each mode is non-compressional. su- 
perposition of the waves yields P ponderornorive corn- 
pressional field, which may act to mirror-reflect the ions. 
In rhc simulation. we assume a power-law distributicm of 
wave power with a spectral  index y when knlin < k < k,,,, 
and zero otherwise. where k .  k,,;,, k- me rcspect~vely 
the wave number, the minimum, and the maximum wave 
numbers included in the simulation. The wave phases are 
assumed to be random. 

Figure 2 shows the time evolution of the distribution 
of ion pitch angle cosine, p .  For tach panel. the horizon- p(T,"m 

-0.5 

. L O  
-1.0 6 . 6  0.0 0.5 1.0 a 1  
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tal ax i s  rcpresents the initial distribution. p ( 0 ) .  and  the 
vertical axis dznotcs the distribution at some Inter times. 
p ( T ) ,  with (a) T = 40, (b) T = 640 and ( c )  T = 10240. 
Each dot  represents ;L single test particle. Parameters used 
:\re: the ion velocity. w = IO. y = 1.5, k,,,in = 6.13 X 10". 
A,,(,,,, - I 1 l , l ~ < !  vmance  of the normalized pcrpen- 
dicular magneric Held fluctuations. (B&,)  = 4 X lo-''. 

At 7 = 40. the distribution c)Fp has  not much  evolved, 
and so the  dots  are almost aligned dong thc diagonal line 
in puncl (a). Later. at T = 640. pitch angle  diffusion is 
more evident, represented by thickening of the diagonal 
line  (panel (b)). It is also clear that thc  diffusion is absent 
in essentially two regimes. p x 0 and Ipl w I .  The former 
is due to the lack of waves which resonate with  near 90" 
pitch angle ions. And the latter is due to geometry (Le.. 
the Jacobian). which appears as thc pitch angle is trarts- 
formed to its  cosine, vanishes at lpl= 1. representing that 
a small deviation of the pitch angle from an exactly par- 
allel direction does not give rise to B dtviation of p of the 
same order. 

Clearly, the majority of the ions stay within the hemi- 
sphere in which they began. However. we saould also 
nore  that a few ions did escape into the opposite herni- 
sphere ( see  also (22)). More detailed analysis on test par- 
tide simulations will be done in a future study. 

FINAL COMMENTS 

What is  the physical process of scatrering pmticles 
across 90* pitch anplc'! The presence of large  ampli- 
tude waves with 8 S / &  I could lead to large, single- 
encounter  pitch  angle  scattering across 90" (see (23)). 
This is a nonresonant interaction which involves large 
amplitude waves and is not included in the presenc quasi- 
l i n w  rheories. A second process is particle mirroring via 
interaction with IBI vxiations (74.25,7,6). 

Random superposition of small  amplitude  waves may 
produce  the IBI power speccra shown in Figure 2, and 
lead to mirroring across 90". Computer simulations  using 
pnrticie-in-cell (PIC) codes should bc uscful to determine 
the relative effectiveness of the  above two processes. An- 
alytical exprcssions  could then be derived which could be 
used to modify the Fokker-Plank transport coefficients. 
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